The ATP-dependent integral membrane protease FtsH is universally conserved in bacteria. Orthologs exist in chloroplasts and mitochondria, where in humans the loss of a close FtsH-homolog causes a form of spastic paraplegia. FtsH plays a crucial role in quality control by degrading unneeded or damaged membrane proteins, but it also targets soluble signaling factors like 32 and -CII. We report here the crystal structure of a soluble FtsH construct that is functional in caseinolytic and ATPase assays. The molecular architecture of this hexameric molecule consists of two rings where the protease domains possess an all-helical fold and form a flat hexagon that is covered by a toroid built by the AAA domains. The active site of the protease classifies FtsH as an Asp-zincin, contrary to a previous report. The different symmetries of protease and AAA rings suggest a possible translocation mechanism of the target polypeptide chain into the interior of the molecule where the proteolytic sites are located.
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AAA ͉ protease ͉ protein degradation ͉ x-ray A TP-dependent proteases play crucial roles in protein quality control and regulation (for reviews, see refs. 1 and 2). One of these is FtsH, initially described as a temperature-sensitive and cell-division-defective mutant, which is also called HflB, named after a high-frequency of lysogenization locus of bacteriophage . FtsH is an integral membrane protease found in bacteria, chloroplasts, and mitochondria (reviewed in ref.
3) (Fig. 6 , which is published as supporting information on the PNAS web site). In bacteria, FtsH malfunction causes severe phenotypes like cell division defects and growth arrest (4, 5) (reviewed in ref. 3) . Deletion of the human mitochondrial homolog paraplegin, which shares 40% sequence identity with FtsH from Escherichia coli, is responsible for an autosomal recessive form of hereditary spastic paraplegia (6) . The N terminus of FtsH contains two transmembrane helices followed by an AAA module (ATPases associated with various cellular activities), including the SRH (second region of homology) (3) . The C-terminal part of the polypeptide chain bears the HEXXH motif that is characteristic for Zn-dependent metalloproteases, where the two histidines coordinate to the zinc ion and the glutamate serves as a catalytic base. In bacteria, the AAA and protease domains are located on the cytosolic side of the membrane. Of the five ATP-dependent proteases in E. coli, HslVU, Lon, ClpXP, ClpAP, and FtsH, the last is the only one that is essential and universally conserved in bacteria. It degrades membrane proteins like the uncomplexed SecY subunit of translocase (7), the a-subunit of F o F 1 -ATPase (8) , and the photosystem in chloroplasts (9) , therefore playing an important role in the quality control of membrane proteins. Further targets comprise regulatory soluble proteins such as 32 (10, 11) or -CII transcriptional activator protein (12) . All these substrates are degraded in an ATP-dependent manner where the energy is used for pulling the proteins out of the membrane and͞or unfolding and translocation. However, FtsH possesses only a weak unfoldase activity (13) and is not able to degrade stable proteins, contrary to other ATP-proteases like ClpXP (14) .
Structural information for FtsH is sparse. As shown by electron microscopic studies, FtsH forms ring-shaped toroidal oligomers like other AAA proteins (12) . By comparison with other AAA domains, these rings consist of hexamers; however, no experimental evidence published so far has confirmed this. The transmembrane helices, especially the second one, were reported to be essential for oligomerization and for ATPase and proteolytical activity (15, 16) . Two crystal structures of the AAA domain in isolation were reported in the past (17, 18) . A hexameric AAA model possessing C6 symmetry was build from these structures essentially in analogy to the crystal structure of N-ethylmaleimide-sensitive factor (NSF), implying a major contribution of the AAA domains for the stabilization of the quaternary structure in addition to the transmembrane part.
FtsH has in recent years been the subject of many biochemical studies. Targeting signals in the substrates were partially identified, and it appears that FtsH recognizes apolar tails (19, 20) . The regulation of FtsH activity in E. coli by the periplasmic HflKC complex was examined, and a stable megadalton complex of the composition (FtsH) 6 (HflKC) 6 was proposed to exists in the membrane of E. coli (21) . The third zinc ligand other than the two histidines of the HEXXH motif was reported to be a glutamic acid (Glu-476 in E. coli), based on site-directed mutagenesis experiments (22) .
To gain a deeper insight into the function and mechanism of FtsH, we undertook the crystal structure determination of a soluble construct of FtsH from Thermotoga maritima lacking both N-terminal transmembrane helices.
Results

T. maritima FtsH Lacking the Transmembrane Domains Is Oligomeric.
T. maritima FtsH was expressed in E. coli as a construct (residues 147-610) lacking the two transmembrane helices [termed hereafter (⌬tm)FtsH]. The expressed protein eluted from a Sephadex-S75 column in the form of two well separated, reproducible, and stable peaks. According to analytical ultracentrifugation (data not shown), the first peak eluting at an apparent molecular mass of Ϸ600 kDa contains approximately equal amounts of tetramers and hexamers, whereas the second one (Ϸ100 kDa) consists essentially of dimers. ATPase and caseinolytic activity assays showed activity for both peaks, but the larger oligomer possesses significantly higher activity in both assays (Fig. 1) . However, caseinolytic activity is not stimulated by ATP in either oligomeric species, and the construct could not be shown to be active in the in vitro degradation of 32 under the conditions used. In crystallization experiments, both gel-filtration peaks give rise to the same tetragonal crystal form containing six mono-mers per asymmetric unit. These belong to two virtually identical half-hexamers; the complete hexameric molecules are generated by a crystallographic twofold axis. The hexamer has a ''crown'' shape with a diameter and height of Ϸ100 Å and 65 Å, respectively. It consists of two rings (Fig. 2) . The ''upper'' ring ( Fig. 2B) is build by the C-terminal protease domains and possesses virtually exact sixfold symmetry, whereas the lower ring is formed by the AAA domains and follows only the symmetry of the crystallographic twofold. The strongest intersubunit contacts occur between the protease domains of the monomers. Each protease domain interacts with the two neighboring protease domains in the hexameric ring, burying a total of Ϸ4,000 Å 2 of accessible surface, i.e., some 20% of a single protease domain surface. These contacts include hydrophobic and polar interactions including the formation of a small antiparallel ␤-sheet (residues 466 -469 and 492-495 of two subunits).
AAA and Protease Rings Possess Different Symmetries. All six independent AAA domains were found to have ADP bound that originates from the cellular pool. Nevertheless, the AAA ring does not form a regular hexagon but shows the crystallographic C2 symmetry only. As a result the contacts of one AAA domain with the two other interacting domains in the ring are much more asymmetric than those observed in the protease domain. Between 1,350 and 2,000 Å 2 of accessible surface gets buried for the two contact areas. Two AAA domains show rather weak density, indicating a high flexibility. The average B-factors of AAA domain and protease domain are 95 Å 2 and 54 Å 2 , respectively. This notion of flexibility of the AAA domains is corroborated by an overlay of the three independent monomers of one hexamer. The relative orientation between AAA and protease domain varies significantly between the independent monomers as shown in Fig. 3 , which is necessary to switch from the virtually perfect sixfold symmetry in the protease ring to the twofold symmetry in the AAA ring.
The Protease Belongs to a New Asp-Zincin Family. The protease domain possesses a fold consisting of eight ␣-helices (␣11-␣18) and a very short antiparallel ␤-ribbon (␤6 and ␤7) ( Fig.  3 and Fig. 7 , which is published as supporting information on the PNAS web site). Database searches using DALI (23) revealed no similar structures. A characteristic feature of this domain is a long, slightly bent ␣-helix (␣16, residues 547-574) that forms the base of the protease domain. This helix and the following helix ␣17 form the shape of an ''L'' and are tethered to ␣11, ␣13, and ␣14 by means of a conserved leucine zipper motif (24) consisting of residues 565, 568, 572, and 578. Nonconservative substitutions of these residues abolish activity. The first helix (␣11) of the protease domain carries the metalloprotease fingerprint H 423 EXXH 427 . Surprisingly, the third zinc ligand is not the reported Glu-486 (Glu-476 in E. coli) (22) but rather the absolutely conserved Asp-500, which is located at the beginning of helix ␣15 (Fig. 8 , which is published as supporting information on the PNAS web site). Glu-486 is in vicinity of the active site and forms hydrogen bonds to Thr-494 and to the first histidine of the HEXXH motif, fixing the imidazole side chain in the proper conformation for zinc ligation. The side chains of the histidines in the HEXXH motif are fixed by hydrogen bonds also in other metalloproteases, usually by carbonyl oxygens. This finding explains the reported significant residual proteolytic activity of Ϸ10% of the Glu-486Val mutant (22) . On the other hand, mutation of Asp-500 to alanine abolishes the proteolytic activity completely in the construct described here (Fig. 1) . The crystal structure analysis of this D500A mutant confirmed the loss of the zinc ion.
A striking difference to other HEXXH proteases (''zincins'') is the absence of a significant amount of ␤ structure in the protease domain. In particular, the so-called ''edge strand,'' which is present in all other HEXXH proteases known so far, is missing. This ␤-strand that runs just in a parallel direction above the active site helix serves for the orientation of the substrate backbone in an antiparallel extended conformation, which allows efficient cleavage of the target peptide bond. This stretching of the substrate is probably not necessary in the case of unfolded proteins. Instead, substrate orientation is possible in either way, parallel and antiparallel to the HEXXH motif, and hence the observed bidirectional degradation (25) can occur.
Substrate Access Is Granted by a Narrow Cleft Guarded by Aromatic
Residues. FtsH is a self-compartmentalizing protease (26) with the six active sites located inside the hexameric molecule. The distance between the active centers is Ϸ34 Å. Access to the active sites is supposed to be mediated by the AAA domains that face the cytosolic leaflet of the membrane. From this side, access to the interior is given by an S-shaped cleft (Fig. 4A ) with a width of Ϸ20 Å. On the side walls of the crown there are six openings with diameters of Ϸ15 Å, and at the center of the bottom there is a 15-Å-wide circular channel. It is reasonable to assume that the S-shaped cleft facing the membrane is the entry site of the target polypeptide chain while the other channels serve for product release. According to the ''pulling model,'' after binding to the recognition tag the enzyme begins to translocate this tag through the narrow pore, thereby generating a denaturing force (1). The S-shaped cleft possesses a hydrophobic patch at its center that is mainly built by Phe-234 from the six subunits. The arrangement of these Phe-234 residues is such that one pair of crystallographically related side chains sits on top of the entrance (facing the membrane side of the ''crown'') while another pair lies below them (colored magenta in Fig. 4 ). The two remaining ones are located further away from the S-shaped cleft. Position 234 carries a conserved aromatic residue in all FtsH orthologs from bacteria, chloroplasts, and mitochondria. In E. coli, mutation of the equivalent amino acid (Phe-225) to alanine gives a protein that is not any more able to degrade 32 but can still hydrolyze unfolded substrates like resorufin-casein, whereas substitution of this phenylalanine by charged residues (e.g., Glu) abolishes activity completely (27) .
Phe-234 is located within a stretch of amino acids strictly conserved in FtsH, but not in HslU or ClpX͞B. However, aromatic residues lining the substrate entrance pore were shown to be important for the substrate recognition by ClpB (28) , and a pore motif XG was proposed for HslU, where stands for an aromatic residue and X is mostly apolar (29) .
Discussion
The crystal structure of FtsH shows some surprising results. Besides the new fold of the protease domain revealing an aspartic acid as the third zinc ligand, the striking breakdown of the expected hexagonal symmetry in the AAA ring requires some discussion. One possibility is a potential requirement for a symmetry mismatch between ATPase and protease moieties during the catalytic cycle. Such symmetry mismatches occur, for example, between hexameric ClpX ATPase and heptameric ClpP protease molecules in the ClpXP complex (30) . It is noteworthy that symmetry reduction similar to FtsH was observed in the case of T7 gene 4 ring helicase, where the distortion of the symmetry from C6 to C2 was interpreted in terms of sequential nucleotide hydrolysis and DNA translocation (31) . The exact role of such a symmetry mismatch in ATP-dependent proteases is not very clear at the moment and seems not to be a general requirement because HslV and HslU, the two components of the HslUV complex, have sixfold symmetry both (32, 33) . FtsH is, like HslUV, a symmetry-matched system in the sense that the numbers of AAA and protease domains are equal. However, the symmetries of ATPase and protease assembly differ much more drastically than in HslUV.
During the catalytic cycle, conformational changes must take place upon ATP hydrolysis to generate a mechanical force, and they can take place within the AAA domain as well as between the AAA and protease or other domains present (34 -36) . In the structure reported here, we do not observe significant differences between the individual AAA domains (Fig. 3B) . In particular, the angle between the N-terminal ''wedge'' and the C-terminal ␣-helical part is essentially the same in all six copies of the AAA domains. This finding can be attributed to the fact that all six domains have the same nucleotide (ADP) bound. It is possible that the different symmetries of the two rings represent an intermediate of the translocation͞unfolding mechanism and different arrangements of the AAA domains can occur, dependent on catalytic state and nucleotide bound. Arg-321 (and possibly Arg-318 as well) from the SRH is supposed to function as ''arginine finger,'' i.e., facilitating ATP hydrolysis by positioning the positively charged headgroup close to the ␥-phosphate of an ATP bound to a neighboring subunit (3, 33) . In the structure presented here, the side chain of Arg-318 is mostly disordered and the charged headgroup can be estimated to be at least some 5-10 Å away from the putative position of the ␥-phosphate in a proximal subunit. Arg-321 engages in a salt bridge with the conserved Asp-292 from the same subunit. It is conceivable, however, that the presence of a ␥-phosphate in the neighboring subunit can be sensed by at least one of these arginines, leading to a closer contact of the two AAA domains by a rigid-body movement driven by the electrostatic interactions between guanidinium group ␥-phosphate and hence to stronger domain-domain interactions in the case of bound ATP. If this occurred to the same extend simultaneously in all subunits, it would lead to a perfect sixfold symmetry in the AAA ring. Modeling an ideal hexameric AAA ring as reported earlier (17) would result in all six Phe-234 residues lining a circular pore located at the center of the former S-shaped cleft (Fig. 4B) . One might envisage such an arrangement as another intermediate of the ''pulling model.'' The central hydrophobic patch could bind to a recognition signal, and subsequent hydrolysis of ATP could then lead to an arrangement similar to the one shown in Fig. 4 A. Here, two of the phenylalanines have moved toward the inside of the molecule, and two other have moved further away from the entrance channel. This rearrangement of the AAA domains would lead to an effective movement or ''pulling'' of the target polypeptide chain attached to the hydrophobic side chains of Phe-234 and also move the target more toward the interior of the hexamer (Fig.   5 ). This mechanism would still work to some extent even if hydrolysis or ADP-ATP exchange does not occur in all six AAA domains simultaneously but rather in a probabilistic manner (14, 37) , as long as there is space for this domain movement. The lack of coupling between ATP hydrolysis and proteolysis in (⌬tm)FtsH constructs, and hence the inability in degrading 32 , could be explained by the absence of ''elastic springs'' formed by the transmembrane helices that would restrain the free movement of the AAA domains and possibly prevent them from being locked into one intermediate conformation on the reaction pathway.
Experimental evidence for such a model is somewhat contradictory: on the one hand, mutation of Arg-325 in HslU (corresponding to Arg-318 in T. maritima FtsH) or Arg-359͞ 362 in p97͞VCP abolishes hexamerization (38, 39) , but this does not hold for other AAA proteins (40) . Further experiments will be needed to establish the precise mechanism and the nature of the conformational change occurring upon ATP binding.
Materials and Methods
Protein Expression and Purification. Amino acids 147-610 of FtsH from T. maritima were amplified from genomic DNA and ligated into a pET28a expression vector (Stratagene) adding a Cterminal hexa-His-tag. Expression in Rosetta (DE3) cells (Novagen) was induced by adding 0.5 mM IPTG at an OD 600 of 0.5. Heat precipitation of E. coli proteins was carried out at 75°C for 3 min. The supernatant was further purified by Ni-NTA and anion-exchange chromatography. (⌬tm)FtsH-containing fractions were again pooled and loaded onto an S75 size-exclusion column (Amersham Pharmacia Biosciences) equilibrated with buffer G (100 mM NaCl͞2 mM DTT͞20 mM Tris, pH 8.0͞0.02% sodium azide). The resulting two well separated peaks (corresponding to molecular masses of Ϸ600 and 100 kDa) were pooled and concentrated individually.
Point mutations K410L-K415A and D500A were introduced by the QuikChange (Stratagene) mutagenesis protocol, using the pET28a-(⌬tm)FtsH vector as a template (mutagenesis sense primers: K410L-K415A, 5Ј-cccgcaagaaagtcgctgctgatcagccctgcagaaaagcgc-3Ј; D500A, 5Ј-cgagtggggcagccaacgcgatcgaaagggccacggaaattgcgagg-3Ј).
Crystallization. Crystals were obtained at 20°C using the microbatch method by mixing equal volumes of protein (20 mg͞ml) Phe-234 residues are colored as in Fig. 4 , nucleotides are shown in green, and active site residues are in blue. After binding of an apolar recognition tag by the hydrophobic patch formed by Phe-324, ATP hydrolysis leads to the inward movement of four Phe residues, translocating the target polypeptide into the interior of the molecule followed by proteolysis.
and crystallization buffer: 30% (wt͞vol) PEG 400, 200 mM CaCl 2 , 100 mM Hepes (pH 7.5), 15% (wt͞vol) xylitol, and 0.1-0.2% (wt͞vol) low-melt agarose (FMC BioProduct). Crystals belong to the spacegroup P4 1 2 1 2 with cell dimensions of a ϭ 164.7 Å, c ϭ 233.1 Å. To improve reproducibility, especially for the selenomethionine-labeled protein, two lysine residues (Lys-410 and Lys-415) were mutated to amino acids occurring at these positions in bacterial homologs from other sources. This double mutant K 410 L-K 415 A gives the same results in ultracentrifugation and activity experiments as the wild type and crystallizes isomorphously. However, diffraction properties and reproducibility were much improved. For cryoprotection, crystals were transferred to crystallization buffer containing 5% (vol͞vol) glycerol for 1 min before flash-cooling in liquid nitrogen. Selenomethionine-incorporated protein was produced by the methionine biosynthesis inhibition method (41) and treated as the wild-type protein.
X-Ray Data Collection, Phasing, and Refinement. X-ray data were collected at 100 K at beamlines BM-14 (European Synchrotron Radiation Facility, Grenoble, France), PX-06 (Swiss Light Source, Villigen), and X11 (Deutsche Elektronen-Synchrotron, European Molecular Biology Laboratory, Hamburg). The datacollection statistics are given in Table 1 . Diffraction intensities were processed and scaled with XDS (42) . Multiple wavelength anomalous diffraction data of selenomethionine-labeled crystals led to the determination of 32 of 48 Se-sites by employing the program SHELXD (43) . Phasing with SHARP (44) followed by density modification and phase extension to 2.8 Å resolution by using RESOLVE (45) resulted in a clearly interpretable electron density map with a figure of merit of 0.60-2.77 Å resolution as computed by SHARP. The structure of the published AAA domain from Thermus thermophilus was placed in the electron density with the program ESSENS (46) . An initial model was built automatically by using MAID (47) and corrected and completed by using O (48) .
Refinement was carried out by using CNS (49) and REFMAC (50) Protease Assay. Tests for proteolytic activity employing resorufin-casein (Roche) were carried out according to the manufacturer's instructions. Brief ly, 0.1 mg (1.9 nmol) of protease in a volume of 50 l (buffer G) and 50 g (Ϸ2.5 nmol) of substrate (in 100 l of water) were mixed in the presence or absence of up to 4 mol of ATP with 50 l of incubation buffer (0.2 M Tris, pH 7.8͞0.02 M CaCl 2 ). The presence or absence of ATP gave identical results (data not shown). Reactions were stopped by the addition of 480 l of 5% (wt͞vol) trichloroacetic acid. Experiments were performed as recommended by the supplier (Roche) at a temperature of 50°C. The absorbance was measured at various time points at a wavelength of 574 nm (Fig. 1) . For inhibition studies, 1.9 nmol of (⌬tm)FtsH was incubated with 10 mmol of ortho-phenanthroline (Fluka) for 2 h.
ATPase Assay. Twenty micrograms (0.38 nmol) of protein in 18 l of buffer A (100 mM NaCl͞20 mM MgCl 2 ͞50 mM Tris, pH 8) was mixed with 2 l of 20 mM ATP and 0.25 Ci͞l (1 Ci ϭ 37 GBq) of [␥-32 P]ATP (Amersham Pharmacia Biosciences) and incubated at 37°C. For inhibition of ATPase activity, 50 mM EDTA was added to the samples and incubated for 1 h. Samples were taken at different time points and separated by thin-layer chromatography (PEI-Cellulose F; Merck), run in 0.2 M KH 2 PO 4 , 0.33 M HCOOH, and 0.19 M LiCl, and analyzed by using a phosphoimager (FLA-3000, Fujifilm).
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